Polymorphic phase boundaries (PPBs) in piezoelectric materials have attracted significant interest in recent years, in particular because of the unique properties that can be found in their vicinity. However, to fully harness their potential as micro-nanoscale functional entities, it is essential to achieve reliable and precise control of their piezoelectric response, which is due to two contributions known as intrinsic and extrinsic. In this work we have used a (K,Na)NbO3-based lead-free piezoceramic as a model system to investigate the evolution of the extrinsic contribution around a PPB. X-ray diffraction measurements are performed over a wide range of temperatures in order to determine the structures and transitions. The relevance of the extrinsic contribution at the PPB region is evaluated by means of nonlinear dielectric response measurements. Though it is widely appreciated that certain intrinsic properties of ferroelectric materials increase as PPBs are approached, our results demonstrate that the extrinsic contribution also maximizes. An enhancement of the extrinsic contribution is therefore also responsible for improving the functional properties at the PPB region. Rayleigh's law is used to quantitatively analyze the nonlinear response. As a result, an evolution of the domain wall motion dynamics through the PPB region is detected. This work demonstrates that the extrinsic contribution at a PPB may have a dynamic role in leadfree piezoelectric materials, thereby exerting a far greater influence on their functional properties than that considered to date. a)
a (K,Na)NbO3-based lead-free piezoceramic as a model system to investigate the evolution of the extrinsic contribution around a PPB. X-ray diffraction measurements are performed over a wide range of temperatures in order to determine the structures and transitions. The relevance of the extrinsic contribution at the PPB region is evaluated by means of nonlinear dielectric response measurements. Though it is widely appreciated that certain intrinsic properties of ferroelectric materials increase as PPBs are approached, our results demonstrate that the extrinsic contribution also maximizes. An enhancement of the extrinsic contribution is therefore also responsible for improving the functional properties at the PPB region. Rayleigh's law is used to quantitatively analyze the nonlinear response. As a result, an evolution of the domain wall motion dynamics through the PPB region is detected. This work demonstrates that the extrinsic contribution at a PPB may have a dynamic role in leadfree piezoelectric materials, thereby exerting a far greater influence on their functional properties than that considered to date. a)
Electronic mail: jose.eduardo.garcia@upc.edu
This is the post-print (i.e. final draft post-refereeing) of the publication. The final publication is available at Elsevier via http://dx.doi.org/10.1063/1.4945593 2
The dielectric and piezoelectric responses of piezoceramics to an external stimulus, either electrical or mechanical, is due to two contributions known as intrinsic and extrinsic. The intrinsic contribution is related to the linear lattice distortion and is associated with the change in the polarization of the unit cell. This change in the polarization is related to both the polarization extension and the polarization rotation. 1 The polarization rotation can be maximized in the region delimiting different polymorphic phases, such as a morphotropic phase boundary (MPB) or a polymorphic phase boundary (PPB), thereby improving macroscopic properties of materials. 2 The MPB is a compositionally-driven structural change region where the coexistence of two ferroelectric phases enhances the macroscopic properties, as in the case of the PbZrxTi1-xO3 (PZT) system. Furthermore, the PPB is a region where a temperature-driven structural change occurs, as in the case of the K0.5Na0.5NbO3 (KNN) system. Both phase boundaries are also described as structurally bridging low symmetry regions, which have been described as monoclinic symmetry regions for both The enhancement of the macroscopic properties in a PPB has recently been reported as a consequence of an electric field-induced phase transition, i.e. a polarization extension phenomenon. 5 Thus, PPB is a region where material response apparently enhances due to polarization rotation and/or polarization extension. 5, 6 Some papers have recently emerged in which it is shown that the extrinsic effect maximizes in a MPB. [7] [8] [9] In fact, Iamsasri et al. 9 go further and propose that the extrinsic response enhancement may be a universal behavior in ferroelectric compositions-containing phase boundaries. Nevertheless, little evidence exists on how extrinsic effects may impact the materials properties in PPB regions.
The extrinsic contribution is easily defined as all responses different from the intrinsic one, being mainly due to domain wall motion in perovskite polycrystals. 10 This contribution is considered responsible for nonlinearity, i.e. properties dependent on the applied electric Thus, analysis of the nonlinear response as a function of a given parameter, e.g. temperature, composition, etc., enables the relevance of the extrinsic contribution to material response to be evaluated. The dependence of extrinsic contribution on the material properties has been well studied by using the Rayleigh model. 12 This model can provide valuable information about the dynamics of domain wall motion. One hypothesis sustaining this model is that the nonlinear behavior is exclusively due to the irreversible motion of domain walls. 13 Analysis of the dielectric response in terms of the Rayleigh law enables the contribution of the irreversible movement of domain walls to be studied. The reversible domain-wall motion contribution leads to deviations from the Rayleigh law predictions. 14 The nonlinear contribution can be evaluated from the increments of the real (Δ ) and imaginary (Δ ) parts of the permittivity as a function of the amplitude of the applied electric field ( ). The Rayleigh model assumes that the increment in the real as well as the imaginary dielectric permittivity linearly depends on the amplitude of the applied electric field , as follows:
where is the Rayleigh coefficient and is directly related to the magnitude of the nonlinear response. Moreover, the ratio between the value of imaginary and real increments of dielectric permittivity is a constant that does not depend on the material:
Fulfillment of the relations given by Eqs. relates the ratio between reversible and irreversible domain wall motion processes.
The (K0.44Na0.52Li0.04)(Nb0.86Ta0.10Sb0.06)O3 (KNL-NTS) compound is used in this work as a model system to investigate the evolution of the extrinsic contribution around a PPB.
KNL-NTS has been extensively studied because it is one of the most workable lead-free compositions known to date. 15 The crystallographic structure of the KNL-NTS evolves from a paraelectric cubic phase (PC) at high temperature to a ferroelectric orthorhombic phase (FO) at low temperatures, passing through a ferroelectric tetragonal phase (FT). The FT to FO phase transition gives rise to the PPB that is located close to room temperature for this compound. As a result of the existence of PPB, excellent functional properties are achieved in KNL-NTS at room temperature. 16 In addition, this material shows a high nonlinear dielectric behavior at room temperature. 17 Thus, studying the nonlinear behavior as a function of temperature allows the extrinsic contribution to be quantified and provides an insight into the dynamics of the domain wall movement over a wide temperature range.
The processing of the KNL-NTS is carefully described elsewhere 18 and details about the microstructure are provided in the supplementary material. 19 The basic properties of this compound are reported in previous works. 17, 18, 20 X-ray diffraction (XRD) measurements were performed in a wide range of temperatures in order to effectively determine the structures and transitions. XRD studies were conducted on a PANalytical Empyrean diffractometer with a PIXcel-1D detector, which utilizes a Cu Kα radiation. Measurements were completed by using two separate temperature stages: Anton Paar TTK 450 LowTemperature Chamber and Anton Paar HTK 1200. These stages enable XRD measurements from 70 K to 1450 K. XRD patterns were measured in Bragg Brentano geometry from 36.5°
to 68.5° in 2θ for low temperature measurements and from 43.5° to 68.5° in 2θ for high temperature measurements using a step size of 0.0131°. Low temperature measurements were made from 80 K to 300 K, whereas high temperature measurements were made from 300 K to 1450 K, using in both cases a ramp rate of 1 K/min. A contour plot was generated from the measured diffraction patterns by plotting all of the 1D intensity versus 2θ patterns sequentially. A PC phase and a FO phase are detected at high and low temperatures, respectively. A FT phase is detected at room temperature, as is expected for this material, 18 indicating that the PPB is below room temperature. More details about the structure evolution of KNL-NTS are provided in the supplementary material. 19 The permittivity dependence with a sub-switching ac electric field was measured at 1 kHz by means of a capacitance comparator bridge especially designed for this type of measurement. 21 In order to study the dielectric nonlinear response in temperature, the sample was placed inside a closed loop cryogenic system consisting of a helium compressor The dielectric response increase at the PPB region may be related to the intrinsic contribution enhancement from polarization rotation, 1 but it could also be related to an increase in the extrinsic contribution. In order to analyze the role of the extrinsic contribution on properties near the PPB region, the nonlinear dielectric response, which is exclusively due to extrinsic contribution, is studied. Fig. 2 shows the real (top) and imaginary (bottom) parts of dielectric permittivity for different applied electric field amplitudes E0, from 50 K to 360 K. At very low temperatures (below 150 K), the nonlinear dielectric behavior (i.e. the variation of the permittivity as a function of the applied electric field) almost disappears, as is expected from the domain wall freezing phenomenon. 22 This observation proves that the nonlinear behavior is directly related to the extrinsic effect.
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The nonlinear dielectric response is significant at temperatures at which the domain wall motion contribution becomes important, usually above 150 K. 23 Nonlinear dielectric response increases in the FO region as the temperature rises up to the PPB region, where the nonlinear response maximizes (this is particularly noticeable in ''), and then decreases again in the FT region.
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It is important to point out that a nonlinear response maximum implies an extrinsic contribution maximum. The contour plot shown at the center of Fig. 2 highlights the correlation between PPB and an extrinsic response enhancement. Fig. 3 shows the linear dependence between the increments of the imaginary '' and the real ' parts of the permittivity at different representative temperatures. This plot is an equivalent representation of Fig. 2 , but in this case with the temperature as a parameter. Two features should be taken into account from this plot for each temperature: firstly, the distance between two adjacent points (or the length of the line connecting points) that is related to the Rayleigh coefficient  (Eqs. (1) and (2)), and secondly, the slope of the line connecting points that is the value of m  (Eq. (3)). The length and the slope of the line connecting points evolve with the temperature. The length has a maximum at PPB region, while the slope appears to decrease as the temperature rises.
FIG. 3. Relation between the increments of the imaginary ('') and real (') permittivity at different representative temperatures.
A quantitative analysis of the nonlinear response can be carried out using the Rayleigh model. and 180º domain walls. In the orthorhombic phase, in addition to the 90º and 180º domain walls, 60º and 120º domain walls are also allowable. Thus, a higher domain wall contribution is expected in the FO region, but  achieves lowest values in KNL-NTS. The abrupt decrease in the  value in the FO region may be understood here as a consequence of the domain-wall freezing effect. 22 It is clear from the above analysis that close to the PPB region a transformation on the extrinsic contribution of the system is induced. This type of phase transition may be accompanied by the corresponding change in domain switching behavior. Electric fieldinduced polarization hysteresis loops were measured at the main FO, PPB and FT regions, as shown in Fig. 4(b) . The coexistence of orthorhombic and tetragonal domains at the PPB region promotes the polarization reorientation and, as a result, higher saturation and remanent polarizations are displayed (Fig. 4(c) ). The nucleation of the orthorhombic structure is restricted by the existing tetragonal domain configuration, and the domain configuration is resolved by alternating orthorhombic and tetragonal adjacent domains. 27, 28 The change in the polarization direction of the orthorhombic structure converts FT 180º domains into non-180º domains at PPB. The domain configuration at PPB therefore allows a higher field-induced polarization because more directions are available to be oriented, and thus the material exhibits a higher irreversible extrinsic contribution. However, the internal stress due to the domain coexistence gives rise to the appearance of an unusual polarization
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10 relaxation at the 90º domain wall, as was demonstrated in (K,Na)NbO3 based ceramics. 27, 28 At low temperatures, only the orthorhombic structure dominates and the internal stress generated diminished in accordance with the observed extrinsic response behavior. 
Supplementary material
The FE-SEM image shown in Figure S1a μm. EDS analysis was carried out to verify the composition of the KNL-NTS ceramic ( Figure S1c) . The EDS analysis indicated that the KNL-NTS ceramic (area marked as 1 in Fig. S1a ) has the typical nominal composition with a Na/K concentration ratio of around 1.16, slightly lower than the nominal ratio of 1.18 (see Table 1 in Fig.   S1 ). Figure S2 shows XRD 1D-patterns at three representative temperatures. As the structure goes from a higher symmetry phase to a lower symmetry phase, paraelectric cubic (P C ) to ferroelectric tetragonal (F T ), the amount of degenerate reflections increases. It is possible to observe the change in the relative intensity of the peaks in the 200 reflection between ferroelectric orthorhombic (F O ) and F T . At low temperature, the 002 peak intensity is higher than the 200 peak, while the most intense is the 200 peak at room temperature, as is expected for F O and F T phases, respectively. The discrepancy between the intensity of the 200 reflections between phases is due to the differences in structure factor, as different phases have different atomic positions.
Supplementary Figure S2  X-ray diffraction 1D-patterns at different representative temperatures:
The different crystallographic phases of the KNL-NTS ceramic are displayed. A cubic phase and an orthorhombic phase are detected at high and low temperatures, respectively, while a tetragonal phase is detected at room temperature.
